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Abstract 
Bile salts (BS) form inclusion complexes with β-Cyclodextrins (β-CD). Not many information is available 
about the kinetic rates of this reaction. Kinetic information is essential for a complete understanding 
of the reaction mechanism. NMR in combination with line shape analysis is a powerful tool for the 
determination of kinetics parameters such the formation and off-rate of BS-CD inclusion complexes. 
In this report the experimental determination of the rate constants for Glycocholate (GC) and 
Glycochenodeoxycholate (GCDC) with β-CD has been done. For GC the experimental Keq is 3000M
-1, k1 
(formation constant) is 6x105 M-1s-1 and k2 (off-rate) is 200s
-1. For GCDC the experimental Keq is  
120000M-1, k1 is 6x10
4 M-1s-1 and k2 is 0,5s
-1. The difference in the rates constant can tell about the 
reaction mechanism. GC has a hydroxyl group attached to carbon 12, this OH group limits the degree 
of inclusion of GC into the CD. GC doesn’t diffuse deeply inside the CD because the –OH acts as a 
barrier, thus faster k1 and k2 rates (less distance to travel inside the CD). In GCDC this hydroxyl group is 
not present in carbon 12, that permits GCDC to be more deeply attached inside the CD. GCDC needs 
more time to get in and out of the CD, thus slower k1 and k2 rates. Fluorescence experiment with β-CD 
and GC was carried out in order to determine the sensitivity of the GC-βCD system with the 
fluorescence probe pyrene. The experimentally determined binding constant is Kb=1919M
-1. This 
value is comparable with the reported Keq =3000M
-1 obtained from NMR experiment. 
  
 
 
2 
 
 
Table of Contents 
1. Introduction ............................................................................................................................................... 3 
1.1 Bile acids .................................................................................................................................................. 4 
1.2 Formation of inclusion complex................................................................................................................ 5 
2. Kinetics ...................................................................................................................................................... 7 
3. Fluorescence .............................................................................................................................................. 9 
3.1 Fluorescence Spectrophotometer .......................................................................................................... 10 
3.2 Pyrene inclusion to β-cyclodexterin ........................................................................................................ 12 
4. Methodology ........................................................................................................................................... 12 
4.1 Nuclear Magnetic Resonance experiment .............................................................................................. 12 
4.2 Fluoresence study .................................................................................................................................. 14 
5. Basic principles of dynamics studies ......................................................................................................... 16 
5.1 Bloch equation ....................................................................................................................................... 17 
5.2 Line shape analysis interpretation. Slow change dynamics. .................................................................... 18 
5.3 Line shape analysis interpretation. Fast change dynamics. ..................................................................... 19 
6. Results ..................................................................................................................................................... 20 
6.1 NMR spectra .......................................................................................................................................... 20 
6.2 Lineshape analysis .................................................................................................................................. 25 
6.3 Fluorescence spectroscopy..................................................................................................................... 33 
7. Discussion ................................................................................................................................................ 43 
Acknowledgments ........................................................................................................................................... 45 
References ....................................................................................................................................................... 46 
Appendix 1 ...................................................................................................................................................... 50 
 
  
 
 
3 
 
1. Introduction  
Cyclodextrins (CDs) are a family of sugar-ring molecules discovered in 1891 by Villiers and studied 
later by Schardinger who identified α, β-, and γ-cyclodextrin known today as the parents of CDs (Endo 
et al. 1997). The natural CDs result from starch degradation by cycloglycosyl transferase amylase 
produce by the bacteria Bacillus macerans (Eastburn and Tao 1994). Depending on the reaction 
condition there are 3 natural types of CDs that can occur: α-, β-, and γ-cyclodextrin with 6, 7 and 8 
glucopyranose units joined through 1,4 alpha bonds (Endo et al. 1998). 
The central opening of the CDs is hydrophobic and is composed of the glucose residues while the 
external part is hydrophilic because of the hydroxyl group. On the narrow side of the structure the 
primary hydroxyl groups are located in the 4C1 conformation whereas on the wider side the secondary 
groups (Figure 1). This difference in polarity contributes to the ability in hosting a guest molecule that 
is less polar than water. In most cases the CD host molecules have a structure of a truncated cone due 
to the lack of free rotation of bonds between glucopyranose units beside a cavity lined with H3 and 
H5 protons (Muller and Brauns 1986) (Figure 2). 
 
Figure 1. Schematic representations of β-cyclodextrin. The black and grey arrows point to primary and secondary hydroxyl 
groups (Davis and Brewster 2004). 
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Figure 2. Schematic view of the glucopyranoside ring with the atom numbering (Dodziuk 2002) 
The solubility of CDs in water is much lower than that of the similar acyclic saccharides. In the β 
conformation intramolecular hydrogen bonds appear between hydroxyl groups which prevents the 
hydrogen bond to form with surrounding molecules resulting in poor water solubility (Muller and 
Brauns 1986)  (Table 1). In the present work it is known that β-CD has the lowest solubility among the 
CDs studied.  
Table 1.  Chemical properties of different cyclodextrins. 
Cyclodextrin                                                             α                     β                       γ  
Glucopyranoase units                                             6                     7                      8 
Molecular weigh (Da)                                            972                1935                 1297 
Water solubility at 250C g/100mL                       14.5               1.85                  23.2 
Central cavity diameter ext./int. Å                     5.3/4.7           6.5/6.0             8.3/7.5 
1.1 Bile acids 
Bile acids (BS) are organic compounds predominantly found in the bile of mammals which are 
synthesized from cholesterol in the liver, stored in the gallbladder, and released into the small 
intestine after ingestion of a fatty meal (Mukhopadhyay and Maitra 2004). They are amphipathic 
compounds that act as biological detergents, converting dietary fats into mixed micelles of bile salts 
and triacylglycerol’s (Nelson and Cox 2008). 
In humans the primary bile acids are cholic and chenodeoxycholic acids that are synthesized de novo 
in the liver from cholesterol.  When the two bile acids are secreted into the intestine, intestinal 
bacteria dehydroxylate a portion of each of them to produce the secondary bile acids, deoxycholic 
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and lithocholic acid. Proceeding to conjugate any of the four bile acids, the liver cells may also 
conjugate them with one of two amino acids, glycine or taurine (Figure 3). The secreted bile acids are 
usually referred to as bile salts because of their physiologically important acid-base properties 
(Constantzo 2010).   
 
Figure 3. Schematic representation of bile salt (Schonbeck, et al. 2011). 
1.2 Formation of inclusion complex 
The great significance of CDs both in research and applications stands in their ability to selectively 
form inclusion complexes with other molecules and ions (Dodziuk 2006). 
The CDs central cavity that is composed of the glucose residues is lipophilic and in aqueous solutions 
it can capture suitable sized molecules to form an inclusion complex.  This formation of the inclusion 
complex is the outcome of the equilibrium between the CD molecules, the free guest and the 
supramolecules of inclusion. 
 
 
6 
 
free CD  +  free guest     CD/guest 
The formation and separation of the inclusion complex is directed by a binding constant “K”. When 
the value of K is high the inclusion complex is more stable and less separation can occur. The value of 
the K varies with the size of the CDs opening and the guest molecule and how well the guest molecule 
fits in the CDs cavity. Depending on the size, the guest molecule will enter the cavity at the primary 
hydroxyl group or at the secondary hydroxyl group  (Hirayama et al. 1997). 
When we discuss formation of inclusion complex, CDs are hardly really empty. Even if they do not 
contain another guest there is usually at least one solvent molecule in their cavity.  Other complexes 
in which the guest molecule is at the external part of the CDs can be formed as well (Sortino et al. 
1999). Depending on the size and concentration of the guest and host molecule, the guest can 
interact with one or two CDs (1:1 and 1:2) or one or two guest molecule can interact with one CD (1:1 
and 2:1) (Figure 4). 
    
Figure 4.  Cyclodextrin cavity and concentration dependent complexes stoichiometry.  
The complex can be obtained either in solution or solid state. In solution they exist in a rapidly 
exchanging equilibrium of the free CD host and guest. During the complex formation and guest 
molecule no covalent bonds are formed or broken (Loftsson et al. 2005) 
 
 
7 
 
The driving force in the complex formation, besides the hydrophobic and van der Waals interactions 
between CDs and guests, is hydrogen bonding and stands as the key factor in controlling the stability 
of present inclusion complexes (Yu Liu 2008). 
2. Kinetics 
In chemical equilibria the energy relation between reactants and products are dictated by 
thermodynamics without concerning intermediate states or rates. Thermodynamics provides 
information about the reaction equilibrium. No information about how fast the complex is formed is 
obtained. 
When the system is not in chemical equilibrium there are factors that are not governed by 
thermodynamics, these factors are time related and measured as reaction rate.  Kinetics provides 
information about how a reaction develops over time. This development can be measured as reaction 
rates. Chemical kinetics is the area of chemistry that studies reaction rates. 
Cyclodextrins and bile salts form complexes following the reaction: 
CD + BS CD-BS   (1)      
Cyclodextrins and bile salts form host systems, where the CD is the host molecule and the BS is the 
guest molecule. This reaction is most probably reversible. 
The understanding of the host-guest dynamics is very important for the determination of the 
association and dissociation rate constants. Furthermore it provides much information about the 
reaction mechanism, fundamental part for the complete understanding of the process. 
Reaction rate 
The rate of this reaction could be defined as change in number of molecules of reactant or product 
per unit of time. For the CD-BS complex reaction rate can be defined by: 
Rate  
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dnR is the difference in the number of molecules of the reactant.  Since the reactant is consumed, a 
minus sign is attached to the fraction in order to have a positive rate.  
dnP is the difference in the number of molecules of the product.  
For the CD-BS complex reaction we can write:  
Rate  
    
  
  
    
  
 
       
  
   (2) 
Which rate definition has empirically been demonstrated to be true: 
Rate = k[CD]a[BS]b    (3) 
Where k is the rate constant (also called velocity constant) and a and b are the order of the reactant. 
The overall reaction order is the sum of the order of the reactants (a+b). 
Rate constant and order of the reactant are parameter that can only be determined experimentally. 
In the CD + BS complex formation reaction, reversibility is assumed:    
                         k1   
CD + BS CD-BS          (4)      
                       k2 
 
Where K1 is the rate constant of the product formation process, reactants concentration decrease to 
form the complex CD-BS (formation rate). And K2 is the rate constant of the opposite process (off-
rate), where complex CD-BS is dissociating to form the original reactants CD and BS. 
 
Relation between the equilibrium constant (Keq) and the rate constant of a chemical reaction 
Considering the reaction: 
                        Keq   
CD + BS CD-BS            
 
Where, Keq = 
       
        
   (5) 
 
 
 
9 
 
Keq, the equilibrium constant, is defined by the concentration of the products over the concentration 
of the reactants. The equilibrium constant of reaction (5) and the two rate constants of reaction (4) 
are related together in the equation: 
 
Keq  
       
        
 = 
  
  
  (6) 
 
Knowing one of the rate constants and the equilibrium constant of the reaction it will be possible to 
calculate the second rate constant. For example it would be possible to calculate the reversible 
reaction constant K2 for the CD-BS complex, once K1 and Keq is known. From previous studies the Keq 
value for the reaction (5) can be obtained. So if K1 is experimentally determined, K2 can be deducted 
from equation (6). 
The goal of this report is to determine the kinetic rates K1 and K2 for the systems βCD-GC and βCD-
GCDC by using 1D-HNMR and a lineshape analysis software.  
3. Fluorescence 
In the following section we will present our fluorescent experiment. This experiment was performed 
in order to determine if there is any difference in fluorescence between cyclodextrin alone and in the 
complex with bile salts.  
The main aim of knowing this information is that it could be used in stop flow experiments.  
Stop flow is a technique used to study fast reaction mechanisms.  The basic principle behind this 
technique is that you rapidly mix reagents and measure the change in fluorescence intensity in a very 
short time scale of about 1ms up to 100 seconds (Bisswanger 2012). From the resulting kinetic 
transient you can determine reaction rates. In our case we could use this technique to calculate 
association and dissociations constants. However, first we must know if there is a difference in 
fluorescence absorption when a cyclodextrin and bile salt complex is formed and when they are 
alone. Therefore we decided to proceed with a following fluorescence experiment.  In the sections 
below we will explain the main principles of fluorescence, how we performed this experiment and 
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conclude if it is possible to use stop-flow method in determining kinetics between cyclodextrin and 
bile salts.  
3.1 Fluorescence Spectrophotometer 
Fluorescence Spectrophotometer instrument is designed to detect and quantify fluorophores which 
are fluorescent molecules that, when exposed to light in a fluorescence spectrophotometer, absorb 
photons at a certain wavelength (Figure 5). 
For defining the emission spectrum of a particular fluorochrome, the wavelength of maximum 
absorption is determined and the fluorochrome is excited at that wavelength. A monochromator, 
which is a device that allows narrow bands of light wavelengths to pass, is used to scan the 
fluorescence emission intensity over the entire series of emission wavelengths. The relative intensity 
of the fluorescence is measured at the various wavelengths to plot the emission spectrum. The 
excitation spectrum of a given fluorochrome is determined in a similar mode by monitoring 
fluorescence emission at the wavelength of maximum intensity while the fluorophore is excited 
through a group consecutive wavelength. The emission maximum is chosen and only emission light at 
that wavelength is allowed to pass to the detector. Excitation is induced at various excitation 
wavelengths and the intensity of the emitted fluorescence is measured as a function of wavelength.  
 
Figure 5. A typical fluorometer design. A light source produces light that can be separated and controlled by the 
monochrometer, which then allows only the desired light to impinge upon the sample. The light that travels through the 
sample is detected and sent to a recorder (Source ChemWiki). 
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Fluorescent probes 
There are many kinds of probes that are used in practices, but in our report we would like to 
concentrate on one of them: fluorescent probes. The other kind of probes used in practice can be 
radioactive tracers. 
Fluorescent probes are used as a tool for a better understanding of physicochemical, biochemical and 
biological systems. In the scientific world analytical techniques based on fluorescence detection are 
very popular because of their high sensitivity and selectivity, together with the advantages of spatial 
and temporal resolution, and the possibility of remote sensing using optical fibers. One of the probes 
that are highly used is a pyrene (VALEUR 2002). You can read more about pyrene in the following 
section.  
Pyrene 
Pyrene is a molecule with the chemical formula C16H10. It consists of 4 fused benzene rings and 
belongs to the polycyclic aromatic hydrocarbon (PAH) group. The molecular structure of pyrene can 
be seen in the Figure 6 (sigmaaldrich.com). Pyrene is used as a fluorescent probe, because of its 
vibronic fine structure and sensitivity to microenvironment. Pyrene has hydrophobic regions and 
additionally it is very sensitive to polarity (VALEUR 2002).  
  
    
 
 
 
 
Figure 6. Structure of pyrene (sigmaaldrich.com) 
  
 
Pyrene 
Molecular formula C16H10 
Molar Mass 202.25 g/mol 
Solubility in water 0.135 mg/l 
R-phrases 36/37/38-45-53 
S-phrases 
24/25-26-36 
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3.2 Pyrene inclusion to β-cyclodexterin 
As mentioned in the section above, pyrene is very sensitive to micro environmental changes. It is 
known that pyrene exhibit vibrational bands. Those vibrational bands intensity changes of pyrene 
emission is caused by changes in the polarity of pyrene environment. It has been shown before that 
the intensity of first vibronic band at 373nm, the highest energy vibrational band, divided by the 
intensity of third vibronic band at 385nm correlate with the solvents polarity (Lopez-Diaz and 
Velazquez 2007). This means that the vibronic bands intensity ratio I/III will tell us is what 
environment pyrene is: inside the cyclodextrin cavity or in the water (Lopez-Diaz and Velazquez 2007).  
As it was brought up in pyrene section, pyrene has hydrophobic regions and therefore in the presence 
of the cyclodextrin pyrene will enter CD cavity, that is hydrophobic, and thus change its 
microenvironment form polar to nonpolar. There are many forces that keeps this complex stable, like 
variety of non-covalent forces, such as van der Waals forces and hydrophobic interactions (Valle 
2004). Our hypothesis is that after the addition of bile salts into the solution, it will exclude and 
replace pyrene in CD cavity. Consequently, pyrene microenvironment will change and that leads to 
the change of photophysical properties of pyrene. In other words, we want to test if pyrene forms a 
complex with CD and it can be seen as a change in fluorescents intensity. If it is a case, we will test if 
after addition of bile salt it will replace pyrene in CD cavity and again if it can be seen as a change in 
fluorescents intensity. 
4. Methodology 
4.1 Nuclear Magnetic Resonance experiment 
A stock solutions of 10mM β-Cyclodextrin (CD) and 10mM Bile Salts (BS) were weighted and dissolved 
in heavy water D2O (see Table 2).  The chemicals β-CD and BS and heavy water were provided from 
Lundbeck and purchased from Sigma Aldrich. 
The reason for using heavy water as our deuterated solvent instead of MiliQ water is because the 
signal from the water solvent would interfere with the signal from the molecule of interest. 
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Deuterium has a different magnetic moment from hydrogen and therefore does not contribute to the 
NMR signal at the hydrogen resonance frequency. 
The NMR experiment was carried out at Lundbeck. The NMR spectra were acquired with a Varian 
Unity 600 spectrometer operating at 600MHz for protons. All the measurements were done at 25°C. 
The solutions were prepared directly in the NMR-tubes by mixing the correct amounts from the 
10mM stock solutions of pure CD and BS (see Table 3).  
According to Yim et al. paper, they use concentration range of β-CD from 0.5mM to 3.2mM and the 
concentration of GCDC from 4.03mM to 4.3mM. That was done in order to avoid the critical micelle 
concentration. We have used this information to choose the concentration range for our experiment. 
In order to prepare the stock solution with the best possible accuracy the amount of water was 
weighted in an analytical balance (XS104 Analytical Balance from Meter Toledo) with an accuracy of 
0,1mg instead of pipetted with the automatics pipettes, which has been proved that they are not as 
accurate as the balance. 
Table 2. Preparation of stock solutions 
  Conc. mass in g Volume in ml H20 in g 
β-CD 10mM 0.03405 3 3.3298 
GCDC 10mM 0.0141 3 3.3232 
GC 10mM 0.0153 3 3.3299 
 
Table 3. NMR Samples preparation  
[β-CD] mM [GC]  mM 
Volume 
β-CD (ml) 
Vol. 
GCDC (ml) 
Vol H2O 
(ml) 
Total V 
(ml) 
1 mM 
1 0.05 0.05 0.400 0.5 
2 0.05 0.1 0.350 0.5 
3 0.05 0.15 0.300 0.5 
3.88 0.05 0.194 0.256 0.5 
4 0.05 0.2 0.250 0.5 
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[β-CD] [GCDC] mM 
Volume   β-
CD (ml) 
Vol. GCDC 
(ml) 
Vol. H2O 
(ml) 
Total V (ml) 
1 mM 
1 0.05 0.05 0.400 0.5 
2 0.05 0.1 0.350 0.5 
3 0.05 0.15 0.300 0.5 
4.03 0.05 0.202 0.249 0.501 
 
[β-CD]  
 
Volume 
β-CD (ml) 
Vol. GC 
(ml) 
Vol. H2O 
(ml) 
Total V 
(ml) 
1 mM 
2 mM GC 
 
0.1 0.400 0.5 
2mM GCDC 
 
0.1 0.400 0.5 
1mM β-CD 0.05 
 
0.450 0.5 
 
4.2 Fluoresence study 
The steady-state fluorescence measurements were acquired by using RF-5301 spectrophotometer at 
RUC, NSM Department. The fluorescence emission spectrum was taken at an excitation of 335nm and 
all measurements were performed at room temperature.  
Preparation of stock solutions: 
All the chemicals for this experiment were provided by RUC and purchased form Sigma-Aldrich. For a 
stock solution of pyrene, first we dissolved pyrene in pure ethanol to get a 15mM concentration. 
Aqueous pyrene solution was prepared by diluting 15mM solution of pyrene in ethanol 1000 times to 
get final concentration of 15μM. Dilution was made in miliQ. Stock solutions of 15mM β-CD and bile 
salt were made by measuring the right amount of chemical and dissolving it in miliQ. The amounts of 
chemicals measured can be seen in Table 2. 
When handling the pyrene, gloves and usage of a fume hood it is necessary due to the material ability 
of absorbing into the body by inhalation and through the skin. 
Concentrations of the stock solutions: 
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  Concentration 
β-CD 15mM 
GC 15mM 
Pyrene 15 µM 
 
For the fluorescent experiment working concentrations were chosen the same ones as in Munoz de la 
Pena et al. publication. Pyrene concentration was held constant at 1.0x10-7M in all the experiments.  
β-CD and BS concentrations ranged from 2.0x10-4 M to 1.0x10-1 M. Stock solutions were diluted to the 
final concentrations in miliQ. All solutions were used immediately after being prepared. In Table 4 you 
can follow how cyclodextrin and pyrene mixtures were prepared. 
Table 4. CD/pyrene mixture in different concentrations 
Conc of 
Pyrene μM 
Conc of CD 
mM 
Volume of 
pyrene in μL 
Volume of 
CD in μL 
Volume of 
H20 in mL 
Total V in ml 
0.1 0.2 20 40 2.94 3 
0.1 1 20 200 2.78 3 
0.1 1.5 20 300 2.68 3 
0.1 2 20 400 2.58 3 
0.1 2.5 20 500 2.48 3 
0.1 2.8 20 560 2.42 3 
0.1 3 20 600 2.38 3 
0.1 3.5 20 700 2.28 3 
0.1 5 20 1000 1.98 3 
0.1 8 20 1600 1.38 3 
0.1 10 20 2000 0.98 3 
 
Another set of solutions was prepared with bile salt added. The mixtures were prepared by pipetting 
first pyrene with CD and at last bile salt was added. In Table 5 it can be seen how all the mixtures 
were prepared. 
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Table 5.  CD/pyrene -bile salt mixture in different concentrations 
  
Ratio 
Conc of 
Pyrene μM 
Conc of CD 
in mM 
Conc of BS 
in mM 
GC 
1to2 0.1 2.5 5 
1to1 0.1 2.5 2.5 
1to1,5 0.1 2.5 3.75 
1to3 0.1 2.5 7.5 
 
5. Basic principles of dynamics studies 
The determination of the kinetics parameters of a system requires knowledge in the practical aspects 
of the NMR technique as well as the theoretical principles behind the technique. One of the 
advantages of studying dynamics with NMR is the fact that the systems subject to study are in 
equilibrium and that gives the opportunity of working with different temperatures and/or studying 
different exchange pathways and mechanism. 
 
Important kinetic information from the systems can be obtained by the line shape analysis (also called 
line band shape analysis). The band shapes of specific peaks in the NMR spectra are directly related 
with the rate constant of the reaction. The interpretation of the peak shifting requires of 
mathematical calculations. 
 
This interpretation can be done by using line shape simulation; this is a modeling/fitting technique 
that can be used to assess the rate constants of a system in equilibrium when analyzed by NMR 
technique. The first work done in this field was based on dynamics studies for the determination of 
the rotation rate of a specific group in one molecule. For example the hindered rotation of the 
dimethylamino groups in N,N-dimethylformide and N,N-dimethylacetamide (Gutowsky and Holm 
1956). With the time this technique evolved to a more advance and broad applications. Today with 
line shape analysis it is possible to look at the dynamics of the inclusion reaction of BS with CD.  
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5.1 Bloch equation 
In this section the Bloch equation is introduced with the aim of showing the mathematical 
background behind the modeling software used for dynamics studies. One of this software 
(Lineshapekin) is used later on in our fitting experiments. It is not the intention here to fully describe 
the Bloch equation and its solutions since we consider this is beyond our knowledge and beyond the 
scope of this report. 
 
In the reference paper from Yim, et al. line shape simulation was performed using the Bloch equation 
modified for an uncoupled spin system undergoing chemical exchange between two nonequivalent 
sites. Modified Bloch equation is shown in Figure 7. 
 
 
Figure 7. Modified Bloch equation. Obtained from a presentation from University of British Columbia. 
http://www2.chem.ubc.ca/faculty/straus/Nlecture3.pdf 
 
Without entering in the mathematical procedure for solving this equation (more information in the 
link from University of British Columbia) the solution is given in Figure 8: 
 
 
Figure 8. Solution of modified Bloch equation assuming that the relaxation time is negligible. Relaxation time is defined 
further down in the document. Figure obtained from a presentation from University of British Columbia. 
http://www2.chem.ubc.ca/faculty/straus/Nlecture3.pdf 
 
The coefficients Ci,j can be solved and the result is illustrated in figure 9. 
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Figure 9. Solution of the coefficients Ci,j considering (i = 1; 2; j = 1; 2). University of British Columbia. 
http://www2.chem.ubc.ca/faculty/straus/Nlecture3.pdf 
 
More detailed solutions including kinetics consideration can be obtained from McConnell calculations 
(McConnell and Berger 1957). 
5.2 Line shape analysis interpretation. Slow change dynamics. 
All inclusion processes in a system in equilibrium can occur either in a fast way or in a slow way.  
In this section we present from a theoretical point of view the slow change dynamics. Further on, the 
fast change dynamics are also explained. 
For a slow change, the exchange rate constant kex is much lower than the frequency difference of the 
NMR-peaks of the shifted protons: 
Kex <<< │Ω1- Ω2│ 
The exchange rate constant Kex is defined for a ligand-receptor reaction (Kovrigin, E., 2011): 
Kex= K1 [CD] + K2    
By the equation below we can define the peak shape and position of the two exchange site for a slow 
rate reaction (again, no detail about how is obtained is given since it can be obtained by using the 
references). 
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Figure 10. Real part of Fourier transformed frequency domain signal for a slow change. University of British Columbia. 
http://www2.chem.ubc.ca/faculty/straus/Nlecture3.pdf 
 
The NMR spectra of the peaks for a slow change rate will look as two good differentiate peaks: 
 
Figure 11. Band shape of two peaks corresponding to a slow change rate process. 
From the distance between these peaks formation and dissociation rate constants (K1 and K2) can be 
obtained.  
5.3 Line shape analysis interpretation. Fast change dynamics. 
For a fast exchange we have that Kex >>> │Ω1- Ω2│ 
And again by the equation below we can define the peak shape and position of the two exchange site 
for a fast rate reaction: 
 
 
Figure 12. Real part of Fourier transformed frequency domain signal for a fast change. University of British Columbia. 
http://www2.chem.ubc.ca/faculty/straus/Nlecture3.pdf 
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Graphically it looks like: 
 
 
Figure 13. Band shape of two peaks corresponding to a fast change rate process. 
From here it is important to realize the shape of the experimental peaks related to the inclusion rate 
of CD-BS system.  
6. Results 
6.1 NMR spectra 
All the spectra have been obtained with an H-NMR operating at 600MHz, the solvent used is D2O and 
the temperature was fixed at 25°C.  For the dynamic study of the inclusion process βCD-BS we have 
consider the proton of C18 from the bile salt as the reference to measure the peak shift from the free 
and complexed BS. This was also done in Yim et al. article. 
In the Figure 14 we also show the peaks corresponding to C19 and C21 in order to have an overall 
picture. 
 
H-NMR spectra for the titration series of the complexes GC-βCD 
All NMR data has been manipulated with Mestrenova, a software from MestreLab Research S.L. 
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Figure 14. H-NMR spectra of C21 (doublet 0,85ppm), C19 (singlet 0,78ppm) and C18 (singlet 0,58ppm) from the left to the 
right of the GC-βCD complex. The purple line corresponds to the peak of 2mM GC solution with no CD. 
 
It is important to mention that some peaks might be invisible at a first glance, like the peak from the 
sample 1:1 (red line), but when zooming in they suddenly appear. These peaks are important and 
should be included in the study of dynamics.   More detailed peak shift for the C18 proton is given in 
Figure 15. 
 
 
Figure 15. Left, C18 spectra for the titration series. Right, same spectra but zoomed in, peak of sample 1:1 (red line) is now 
observable. 
 2mM GC
 1mM ẞCD 4mM GC
 1mM ẞCD 3,88mM GC
 1mM ẞCD 3mM GC
 1mM ẞCD 2mM GC
 1mM ẞCD 1mM GC
C18 Superimposed spectra 
ẞCD vs GC 25°C
 2mM GC
 1mM ẞCD 4mM GC
 1mM ẞCD 3,88mM GC
 1mM ẞCD 3mM GC
 1mM ẞCD 2mM GC
 1mM ẞCD 1mM GC
C18 Superimposed spectra 
ẞCD-GC 25°C 600MHz
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The chemical shift for the two important sites are 349Hz for the peak of the GC with no βCD, and 
390Hz for the farthest peak corresponding to ratio 1:1 GC- βCD. All the other ratios are in between 
these two chemical shifts. 
H-NMR spectra for the titration series of GCDC-βCD 
 
Figure 16. H-NMR spectra of C21 (doublet 0,81ppm), C19 (singlet 0,79ppm) and C18 (singlet 0,53ppm) from the left to the 
right of the GCDC-βCD complex. The green line corresponds to the peak of 2mM GCDC solution with no CD. 
 
 More detailed peak shift for the C18 proton is given in figure 17. 
 
Figure 17. C18 spectra for the titration series βCD- GCDC  
 2mM GC
 1mM ẞCD 4mM GCDC
 1mM ẞCD 3mM GCDC
 1mM ẞCD 2mM GCDC
 1mM ẞCD 1mM GCDC
C18 Superimposed spectra 
ẞCD-GCDC 25°C 600MHz
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The chemical shift for the two important sites subject of study are 318Hz for the peak of the GCDC 
with no βCD, and 417Hz for the shifted peak corresponding to ratio 1:1 GCDC- βCD. All the other ratio 
values are included in these chemical shifts. 
 
Note the difference between the proton shift in the complex GCDC-βCD and GC-βCD. 
With GCDC the proton shift reassembles at the slow exchange dynamics (Figure 17) while the proton 
shift of GC looks more like a fast exchange dynamic (Figure 15). 
 
Lineshapekin  
Lineshapekin is the modeling/fitting freeware that we have used in this project. This software is 
created by Evgenii Kovrigin from Marquette University (Wisconsin, USA) and enables the analysis of 
different multistep molecular interactions for a ligand-receptor system. 
In this project the model U has been selected and corresponds with the simplest receptor (R)-ligan (L) 
binding process: 
 
 
That corresponds to the equilibrium: 
                         K1   
CD + BS CD-BS            
                         K2 
 
Where the CD is the receptor (R) and the BS is the ligand (L). 
Once the experimental spectra for the titration series have been obtained we can start the fitting 
work. A mathematical model (based on Bloch equation) given by the software is compared with the 
experimentally obtained spectra. 
Working with a mathematical model is not a simple task since the determination of key parameters 
that affects the system is of major importance.  In appendix 1 the model and setup information with 
the different parameters necessary to run Lineshapekin is given. 
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Among the different variables the most relevant ones are the K2 off-rate or dissociation rate constant, 
corresponding to K2 in equation 6. The equilibrium constant Keq from equation 5 (in Lineshapekin is 
called Ka). The chemical shifts and the transverse relaxation rates of the species (R2 = 1/T2). 
T2 is defined as spin-spin relaxation time or transverse relaxation process.  
The fitting process can be endless and tedious if all the parameters and all the possible variables are 
compared independently in a systematic way. In order to optimize the process we found relevant 
information in the literature to be used as starting point. 
 
Yim et. al. calculated the equilibrium constant Keq (Kf in the paper) for the complex CD-GCDC to be 
3500M-1 (Yim, Zhu and Brown 1999). On the other hand Schönbeck et al. found Keq for CD-GCDC to be 
140000M-1 (Schonbeck et al. 2011). The method used by Schönbeck et al. was ITC (Isotermal titration 
calorimetry).   
The spin-spin relaxation time (T2) is experimentally determined by the Carr-Purcel-Meiboom-Gill 
sequence with a value around 60ms for NaC (sodium cholate) and 50ms for NaGCDC (sodium 
glycochenodeoxycholate) (Ueno et al. 2000). The off-rate K2 is experimentally determined 22s
-1 for 
CDC (chenodeoxycholate) and 18s-1 for GCDC (Yim et al. 1999). 
Taking into consideration these values a systematic experimental plan for the modeling of our spectra 
has been designed: 
 
Table 6. Range of the most important parameters studied with Lineshapekin. 
Parameter Range 
Transverse relaxation rate (L) 0 to 10* 
Transverse relaxation rate (RL) 0 to 10 
K2 for GC-CD 20 to 1000s
-1 
K2 for GCDC-CD 20 to 1000s
-1 
Keq for GC-CD 1000 to 10000M
-1 
Keq for GCDC-CD 1000 to 140000M
-1 
 
* In this field Lineshapekin do not allow numbers with decimals and number bigger than 10.  
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Numerous experiments were done in a systematic way including these parameters in order to find the 
best fitted model. Only one model for each titration series is the best fitted. Those are the ones we 
present in the next section. 
6.2 Lineshape analysis 
 
From the titration study of βCD- GC our best fitted model is: 
 
βCD- GC model parameters 
Simple 1:1 
 
Equilibrium constants: 
Kf(A)=3.00e+03 
 
Rate constants (1-forward, 2-
reverse): 
k1(A)=6.00e+05 
k2(A)=2.00e+02 
 
Chemical shifts: 
w0(RL)=390.0 /s (62.1 Hz) 
w0(L)=349.0 /s (55.6 Hz) 
 
Base relaxation rates: 
R2(RL)=10.0 /s 
R2(L)=0.0 /s 
 
Enthalpy difference from the base 
state: 
dH(RL)=0.0 
dH(L)=-1.0 
 
Total R concentration (*1000): 
1.00 1.00 1.00 1.00 1.00 1.00 
 
Ratio of total L to total R: 
0.00 1.00 2.00 3.00 3.88 4.00 
Figure 18. Best fitting for the system βCD- GC. 
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It is possible to observe that our mathematical model is acceptable fitted into the real experimental 
spectra. In figure 19 we have a direct comparison. 
From this model we can extract the next kinetic values: 
Keq=3000M-1 K1=6x10
5M-1s-1  K2=200s
-1 
 
From the value K1=6x105 M
-1s-1 we can observe that the system βCD- GC is a fast exchange system 
and that fits with the theoretical model proposed in figure 13. Mathematically it can be demonstrated 
by: 
Kex = K1 [CD] + K2 
For a fast exchange sytem: Kex >>> │Ω1- Ω2│ 
Kex=6x105M-1s-1 * 0,001M + 200s-1 = 800s-1 
Experimentally we determined │Ω1- Ω2│ = 41; so 800s
-1 >>> 41  fast exchange system. 
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By comparing the experimental H-NMR spectra and the model spectra obtained with lineshapekin we 
can see how good the proposed fitting is. 
 
 
Figure 19. H-NMR spectra (upper part) compared with the model spectra (lower part). These two spectra fit 
together in a reasonable way. 
  
 2mM GC
 1mM ẞCD 4mM GC
 1mM ẞCD 3,88mM GC
 1mM ẞCD 3mM GC
 1mM ẞCD 2mM GC
 1mM ẞCD 1mM GC
C18 Superimposed spectra 
ẞCD-GC 25°C 600MHz
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From the titration study of βCD- GCDC our best-fitted model is: 
 
GCDC- βCD model parameters 
Simple 1:1 
 
Equilibrium constants: 
Kf(A)=1.20e+05 
 
Rate constants (1-forward, 2-
reverse): 
k1(A)=6.0e+04 
k2(A)=5.00e-01 
 
Chemical shifts: 
w0(RL)=416.0 /s (66.2 Hz) 
w0(L)=318.0 /s (50.6 Hz) 
 
Base relaxation rates: 
R2(RL)=10.0 /s 
R2(L)=1.0 /s 
 
Enthalpy difference from the 
base state: 
dH(RL)=0.0 
dH(L)=-1.0 
 
Total R concentration (*1000): 
1.00 1.00 1.00 1.00 1.00 
 
Ratio of total L to total R: 
0.00 1.00 2.00 3.00 4.00 
Figure 20.  Best fitting for the system βCD- GCDC 
 
From this model we can extract the next kinetic values: 
Keq=120000M-1 K1=6x10
4 M-1s-1  K2=0,5s
-1 
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From the value K1=6x10
4M-1s-1 we can observe that the system βCD-GCDC is a slow exchange system 
that fits with the theoretical model proposed in figure 11. Mathematical it can be demonstrated by: 
Kex = K1 [CD] + K2 
For a slow exchange sytem: Kex <<< │Ω1- Ω2│ 
Kex=6x104M-1s-1 * 0,001M + 0,5s-1 = 60,5s-1 
Experimentally we determined │Ω1- Ω2│ = 98; so 60,5s
-1 <<< 98  slow exchange system. 
 
It is possible to observe that our mathematical model is acceptable fitted into the real experimental 
spectra. In Figure 21 we have a direct comparison. 
 
 
Figure 21. H-NMR spectra (upper part) compared with the model spectra (lower part). 
 2mM GC
 1mM ẞCD 4mM GCDC
 1mM ẞCD 3mM GCDC
 1mM ẞCD 2mM GCDC
 1mM ẞCD 1mM GCDC
C18 Superimposed spectra 
ẞCD-GCDC 25°C 600MHz
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These results are somehow aligned with the ones published by Yim et al. were  K1 is 75000M
-1s-1 and 
K2 18s
-1 for GCDC (Yim et al. 1999). In our experiment for GCDC K1 is 60000M
-1s-1 and K2 is 0,5s
-1. 
However for Keq the values are significant different, Keq=3500M
-1 in Yim et al paper, and the results 
obtained in this project is Keq=120000M
-1. On the other hand our Keq is very much aligned with the 
one obtained by Schönbeck et al. where Keq=140000 M
-1 (Schonbeck et al. 2011).  
It is possible to calculate the Kex from Yim et al. results. We know that the minimum concentration of 
β-CD used by Yim was 0,5mM (0,0005M), k1 (K1 in Yim’s paper) = 75000M
-1s-1 and k2 (K-1) = 18,4s
-1 
Kex = K1 [CD] + K2 
Kex = 75000 M-1s-1 * 0,0005M + 18,4s-1 = 55,9 s-1 <<< │Ω1- Ω2│ (75Hz in Yim’s paper) which correspond 
to a slow exchange system. That fits as well with our experimental results. 
A summary of the fitted results is presented here: 
Table 7. Summary of the results 
System Parameters (at 25°C) 
Keq M-1 k1 M
-1s-1 k2 s
-1 
βCD- GC 3000 6x105 200 
βCD-GCDC 120000 6x104 0,5 
Yim et al. 
βCD-GCDC 
3500 7,5x104 18 
Schönbeck et al. 140000 -- -- 
 
Effect of Kf, K2 and R2 in the band shape analysis by lineshapekin. 
In order to know how a band shape analysis is done and the effect of different parameters, we have 
considered convenient to explain how Keq (equilibrium constant), k2 (off rate) and R2 (base transverse 
relaxation rate) affect the spectra. 
Keq and k2 give the formation rate k1 by the equation: 
Keq = 
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We will illustrate the effect of the different parameters for the βCD- GCDC system in the manipulated 
models shown below. 
Keq and K2 influence in how the peaks shift in the x-axis and this is illustrated in Figure 22.  
 
k2=0,5 
 
 
k2=20 
 
k2=50 
Figure 22. Band shape change by different k2 values. Keq has been kept constant at 4100M
-1
 
R2 is obtained by the relaxation process where the excited nuclei return to their ground state and by 
which the Boltzmann equilibrium is reestablished (Pavia et al. 2010). 
R2 is the responsible of the shape of the peak, broad or sharp, as well the peak size in the y-axis 
(relative intensity of the peaks) as showed in Figure 23. 
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In Lineshapekin two values of R2 should be given e.g R2 10 1. The first value (10) corresponds to for 
the peak at 416Hz and the second value (1) correspond to the peak at 318Hz. 
 
R2 10 1 
 
R2 10 3 
 
R2 10 5 
Figure 23. Band shape change by different R2 values. Kf and K2 has been kept constant at 4100M-1 and 0,5s-1 
Modification in some of the parameters as the one presented above have a direct impact in the lines 
shape and they are easy to track and evaluate. 
We have omitted the representation of the different parameters for the βCD- GC to avoid repetition.  
 
 
  
 
 
33 
 
6.3 Fluorescence spectroscopy 
We started our experiment by measuring band intensities ratio of pyrene in water. This was done for 
the reason that we could know later on, after adding CD, if a complex was formed. It will be seen a 
change in bands intensities ratio I/III. As it was written method section, pyrene concentration was 
held constant, therefore any change in bands intensity is due to pyrene microenvironment changes. 
Band I Band III Ration I/III 
23.76 18.195 1.306 
 
After we knew bands intensities of pyrene in polar environment, we measured fluorescent intensities 
of pyrene with a various range of cyclodextrin concentrations. All the concentrations of CD and bands 
intensities can be seen in the Table 9. 
 
Table 8. Band I and band III intensities of pyrene in the presents of various CD concentrations  
Conc.of CD 
in mM 
Conc of 
Pyrene μM 
BandI at 
375nm 
BandIII at 
383nm 
Ratio I/III 
1.5 0.1 73.250 80.904 0.905 
2 0.1 80.538 93.632 0.860 
2.5 0.1 86.819 109.861 0.790 
2.8 0.1 80.251 106.354 0.755 
3 0.1 132.309 172.974 0.765 
3.5 0.1 91.247 123.757 0.737 
5 0.1 119.996 170.898 0.702 
8 0.1 73.590 110.512 0.666 
10 0.1 69.813 106.142 0.658 
 
The first information that we can observe from the table is a different bands I/III ratio from the 
pyrene alone and with CD. This indicated that pyrene indeed forms a complex with CD. We also have 
to notice that ratio I/III decreases with an increase of CD concentration. Additionally we can conclude 
that with an increase of CD concentration band intensity ratio I/III decrees. It indicates that the lower 
I/III ratio is in the more nonpolar environment pyrene is (Kalyanasundaram and Thomas 1977).  
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The graph below presents a plot of the I/III vibronic band intensity ratio of pyrene versus βCD 
concentration.  
 
Figure 24. The plot of the I/III vibronic band intensity ratio of pyrene versus βCD concentration 
 
As we can see from the graph, I/III vibronic band intensity ratio decreases while CD concentration 
increase. That indicates that pyrene microenvironment surrounding changes because more and more 
pyrene molecules are in the complex with βCD. At the point when curve levels off demonstrates a 
point when all the pyrene is in the complex with βCD (Munoz De La Pena et al. 1991). Therefore we 
can conclude that at concentrations ratio of 1 to 5000, pyrene and cyclodextrin respectively, all the 
pyrene is inside cyclodextrin cavity. By reason of that all the pyrene is in the same microenvironment 
with the same polarity.  
As it was reported before, at high concentration of CD one pyrene molecule can form a complex with 
two molecules of cyclodextrin (Munoz De La Pena et al. 1991). In our experiment we assume that we 
have 2/1 stoichiometry between βCD and pyrene, since we used the same βCD concentrations as in 
Munoz de la Pena et al. publication. They claim that at this βCD concentrations range 2/1 complex is 
formed. To test if it is true we can draw two graphs: first in the case of 1/1 complex plot of 1/Ro-R 
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versus 1/[CD]o should give a straight line (see Figure 26). Ro is the intensity band of free pyrene in 
water and R is the intensity band of pyrene in the complex (Munoz De La Pena et al. 1991).  
 
Figure 25. Double-reciprocal plot for 1/1  CD/pyrene stoichiometry.  
 
As we can see from our graph a straight line was not achieved. It is evident that probably we have a 
2/1 stoichiometry. To confirm this hypothesis we have to plot a graph 1/Ro-R versus 1/[CD]2. In case 
of 2/1 stoichiometry a straight line must be observed (see Figure 26). 
 
Figure 26. Double-reciprocal plot for 2/1 CD/pyrene stoichiometry, 1/Ro-R versus 1/[CD]
2
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Straight lines were observed in 2/1 stoichiometry. Therefore, we can evaluate, that two molecules of 
CD forms a complex with one molecule of pyrene. The 2/1 stoichiometry of cyclodextrin with pyrene 
is illustrated in the Figure 27. 
 
Figure 27. 2/1 stoichiometry complexation of cyclodextrin with pyrene. 
 
If we take a look at space-filling models of pyrene and cyclodextrin, more precisely to the size of those 
two molecules, the cavity of βCD is 7.8 Å wide and pyrene is 8.2Å wide and 10.4Å long. So it is 
obvious, that pyrene cannot fit entirely into βCD cavity and a part of pyrene molecule is sticking out. 
Therefore we can make a conclusion that most likely another cyclodextrin binds to the sticking end of 
the pyrene.  
Bile salts binds with pyrene 
Now that we know that pyrene forms a complex with CD and it is seen as a change in vibrational 
bands intensities. It is known that bile salts has hydrophobic sites on its molecule (Armstrong and 
Carey’ 1982). These sides tent to form a complex with hydrophobic cavity of CD. We assume that in 
the presents of bile salts, pyrene will be excluded form CD cavity and replaced with bile salt.  
Bile salt that we used for this experiment was sodium glycocholate hydrate (GC) (see Figure 28). 
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Figure 28. Molecular structure of sodium glycocholate hydrate (GC). 
 
Additionally, it is also very likely that pyrene might bind to bile salt. Therefore our next step was to 
measure fluorescence intensities of pyrene in the presents of bile salt. In the experimental setup we 
kept constant pyrene concentration of 0.1μM, and had a range of bile salt (GC) concentrations, form 
1mM to 7.5mM. In the table below you can see bands intensities ratio I/III that we obtained with 
different bile salts concentrations. 
Table 9. Bands intensities ratio I/III of pyrene in the presence of GC bile salt 
Conc. of 
GC in mM 
Conc. of 
Pyrene μM 
Ratio I/III 
1 0.1 1.208 
2 0.1 1.127 
2.5 0.1 1.115 
3 0.1 1.092 
5 0.1 0.853 
7.5 0.1 0.760 
  
In the figure below you can see a visual picture of how vibrational bands intensities ratio I/III changes 
with an increase of bile salt concentration. 
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Figure 29. Graph representing bands intensities ratio I/III versus GC concentration 
 
From the plot we can see that bands I/III intensities ratio decrease with an increase of bile salts 
concentration. This means that more and more pyrene binds to bile salt molecule and thus its 
microenvironment changes.  In the graph below you can see the comparison of bands intensities of 
pyrene in water (in black) and in the presents of bile salts (in red) and cyclodextrin (in blue), see 
Figure 30.  
 
 
0.1μM pyrene in 
water 
0.1μM 
pyrene+2.5mM GC 
0.1μM  
pyrene+2.5mM CD 
 
Figure 30. Spectrum of pyrene in water and in the presents of bile salt (GC) and cyclodextrin; concentrations of GC and 
cyclodextrins are the same in this graph, 2.5mM. 
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Just by looking at this graph it is pretty clear that there is an increase in bands intensities of pyrene in 
the presents of bile salt. Hence we can conclude that pyrene does bind to bile salts. Nevertheless, 
there is a significance difference in bands intensities between pyrene in a complex with a CD and bile 
salt. Pyrene does not bind as strongly to bile salt and thus we decided to ignore it for now on and 
proceed further with experiments. 
Bile salts excludes pyrene from cyclodextrin cavity 
The procedure to check if bile salt exclude CD from its cavity was similar to the previous ones 
described above.  We kept pyrene and cyclodextrin concentrations constant, 0,1μM and 2.5mM 
respectively. First we pipet pyrene and cyclodextrin together and as a last we added different 
amounts of bile salt. Table 11 represents the change in bands intensities ratio I/III as bile salt 
concentration increases.  
Table 10. Pyrene vibronic bands intensities ratio I/III in the presents of 2.5mM cyclodextrins and various concentrations of 
GC bile salts in the range of 2.5mM-7.5mM. 
Conc. of CD in mM   Conc. of GS in mM   Bands I/III 
2.5 2.5 0.99 
2.5 3.75 1.056 
2.5 5 1.129 
2.5 7.5 1.166 
 
In Figure 31 it is presented a visual representation of changes of bands intensities with different 
concentrations of bile salt GC. 
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Figure 31. A fluorescence spectrum of pyrene in the complex with 2.5mM cyclodextrin and various concentrations of GCbile 
salt. Colour code for each spectrum: in baby blue is 0.1μM pyrene in water, in green is 0.1μM pyrene with 2.5mM of GS bile 
salt, in red is 0.1μM pyrene with 7.5mM CD and 2.5mM GC, in black is 0.1μM pyrene with 5mM CD and 2.5mM GC, in blue is 
0.1μM pyrene  with 2.5mM CD and 2.5mM GC and in pink is 0.1μM pyrene with 2.5mM CD. 
By examining the figure above (Fig. 31) we can conclude that bile salt replace pyrene in the 
cyclodextrin cavity. We came to this conclusion because as it was suggested before in this report, the 
low vibronic bands ratio values advise that pyrene is in nonpolar environment and vice versa, height 
ratio value imply that pyrene is in polar environment, in our case water. Therefore we expect that 
vibronic bands ration will increase with an addition of bile salts in cyclodextrin and pyrene solution 
with the increase of bile salt concentration the intensity of pyrene decreases.  This happens as a result 
of microenvironment changes of pyrene when it gets swapped out from hydrophobic environment 
into a water solution. As we can see in the Table 10 it is the case. With the constant concentration of 
CD and pyrene and addition of GS, bands intensities ratio was increasing, indicating that pyrene was 
relocated from nonpolar environment to polar, in our case from CD cavity to water.  
Binding Constant 
As written earlier in this report the main aim of this experiment was to see if there is a difference in 
fluorescence intensity between reactant alone or in the complex. Aside form that, binding constant 
could be calculated.  
It is vital to know how strong bile salt binds to cyclodextrin in the present to pyrene. In the ideal 
situation pyrene should not affect CD-BS binding constant, but that might not be the case.  As it was 
 
0.1uM pyrene 
2.5mM GS 
2.5mM CD+7.5mM GC 
2.5mM CD+5mM GC 
2.5mM CD+2.5mM GC 
2.5mM CD 
 
 
Band I 
Band III 
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observed previously in this report, bile salts also binds to pyrene and forms a complex (Figure 30). It is 
very likely that pyrene will bind to bile salt inside cyclodextrin cavity and that would effect CD-BS 
binding constant.  
Binding constant can be calculated with a formula K=
       
         
 
We know the concentrations of cyclodextrin and bile salts added, and we can calculate the amount of 
complex formed. At CD concentration of 5mM all the pyrene is inside CD cavity. It gives bands I/III 
ration of 0,702. From the pyrene standard curve we know that pyrene alone in water gives vibronic 
bands ratio of 1.306. By using this information we can calculate the percentage of pyrene in complex 
with CD. Table below presents the percentage of pyrene in the complex with cyclodextrin (Table 11). 
 
Table 11.  Vibrational bands intensities ratio I/III in different solutions and calculates % of pyrene that is in the complex 
with CD. 
Solution Ratio I/III 
% of pyrene in the complex 
with CD 
5mM CD 0.70 100% 
2.5mM CD 0.79 85% 
2.5mM CD&2.5mMBS 0.99 52% 
2.5mM CD&7.5mMBS 1.16 23% 
0.1uM pyrene 1.31 0% 
  
By using the information in the table above we can calculate the concentrations of CD-GC complex 
formed, free CD and GC. Consequently, in the solution with 2.5mM of CD and 7.5mM of BS 23% of 
pyrene is in the complex with CD and 77% was replaced with BS. Therefore we know that the 
concentration of CD-BS complex is 
      
   
       , free cyclodexrtrin: 2.5-1.92=0.58mM and the 
amount of free bile salt is 
      
   
        . Now we can apply binding constant formula: 
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  Kb=
       
         
 
        
                  
=1919M-1  
If we compare our calculated binding constant with the one that was reported by previous students at 
RUC, (Rayner, Mackevica and Hansen 2010), Kb= 2630M
-1, evidently our calculated binding constant is 
almost 30% smaller then the one found by previous students at RUC. The difference seen could be 
because of pyrene affects how strong bile salt binds to CD. Alternatively smaller binding constant 
could be due to the errors of measurements and calculations. 
Another way to compare if pyrene interacts with cyclodextrin and bile salt complex is to calculate 
standard Gibbs free energy of binding. Since we know binding constant, Gibbs free energy can be 
calculated through this simple equation: 
ΔGo=-RTlnKb   (7) 
Where R is a gas constant: R=8.314J/mol*K, T is a temperature in Kelvin and Kb is a binding constant. 
After applying equation 7 we obtain that ΔGo = -8.314J/mol*K *23K*ln1919=-1.45kJ/mol. If we use 
the same formula to calculate ΔGo with Rayner et el. reported binding constant Kb=2630M
-1  and 
T=25K we get that ΔGo is 1.64kJ/mol. 
From the results we can see that our calculated Gibbs free energy is 11% smaller then a reported, 
although difference is not significant.  Consequently we can assume that pyrene do not interact with 
cyclodextrin and bile salt complex. On the other hand we must take into consideration, that our 
calculations were not very precise and there might be errors.  
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7. Discussion 
1D H-NMR is a powerful instrument for the detection of shifted protons due to inclusion complex 
reactions. Kinetic parameters as formation rate constant (k1) and dissociation rate constants (k2) can 
be obtained by the NMR data in combination with a line-shape analysis. To perform a good line-shape 
analysis it is required some fundamental knowledge of NMR principles in combination with 
appropriate software for the modeling and fitting of the different systems. In this report we have 
decided to work with Lineshapekin. This software is intended to make models that fit with a real 
solution and it gives a good hint of what are the possible kinetic rates involved in the system. 
However as stated by the programmer itself, the software has limitations both in accuracy and 
robustness. More advanced software is available for line-shape analysis. A programmable version of 
Lineshapekin for Matlab gives a more robust application and more use friendly interface. 
Nevertheless a good knowledge in Matlab programing is necessary for a fruitful work with dynamics 
modeling. 
From our NMR experiment we were able to determine the Keq, K1 and K2 rates for the systems βCD-GC 
and βCD-GCDC. The experimental data was fitted with a good degree of accuracy and the obtained 
values fulfill the theory prediction for fast and slow exchange systems. The system βCD-GC 
correspond to a fast exchange system with a fitted K1 of 6x10
5M-1s-1 and a K2 of 200s-1. The system 
βCD-GCDC correspond to a slow exchange system with a fitted K1 of 6x10
4M-1s-1 and a K2 of 0,5s
-1. Yim 
et al. measured kinetic rates for the system βCD-GCDC.  
The K1 values for GCDC are similar in the two studies (6x10
4M-1s-1 vs 7,5x104M-1s-1)  but the Keq is 
significantly different (1,2x106M-1 vs 3500M-1). However our Keq is very much aligned with the one 
obtained by  Schönbeck et al (1,2x106M-1 vs 1,4x106M-1). We cannot really explain the difference in 
the Keq values for the different studies, but in our opinion the Keq published by Schonbeck et al. seems 
to be more realistic for the strong binding system βCD-GCDC. 
Comparing K1 and K2 rates for the systems βCD-GC and βCD-GCDC we can see a difference in the K1 of 
5,4x105M-1s-1. The formation rate of GC is much faster than for GCDC. The same for the off-rate, K2 for 
GC is 200s-1 and 0,5s-1 for GCDC. This difference in the different rates can be explained from a 
complex structure point of view. In GC there is no alcohol group (OH) in the C12 (carbon 12, R1) of the 
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molecule whereas for GCDC there is an alcohol group in the C12 (go to figure 3 to see the structure). 
This OH group can limit the deepness of encapsulation for the CD-BS complex. When the OH group is 
present in GC, cyclodextrin cannot go further down to the C12. However if there is no OH like in 
GCDC, cyclodextrin can cover the molecule further down C12. It would be reasonable to think that it 
will take more time for GCDC to get out of the CD since it has been more deeply encapsulated. For GC 
is the opposite since it is less deeply encapsulated to CD, in this case getting in and out is easier and 
thus faster.  
Line-shape analysis has been able to produce models that fit experimental NMR spectra. Despite the 
differences in Keq with Yim et al, we really consider that the line-shape analysis presented in this 
report can be a useful tool for the determination of kinetic rates of CD-BS inclusion complex systems.  
 
The fluorescence experiment was carried out to figure if we would be able to use stop-flow technique 
to determine kinetics parameters from BS-CD complex formation. 
Fluorescence Spectrophotometer is an instrument that was designed to detect and quantify 
fluorophores, which are fluorescent molecule. In the fluorescence study we have measured 
vibrational bands intensities of pyrene that was used as a fluorescence probe. It was decided to use 
pyrene, because of its sensitivity to polar and hydrophobic environments. Pyrene molecule prefers 
hydrophobic environment, therefore in the presence of βCD it enters by its nonpolar end. The change 
in pyrene environment can be seen as a change in vibrational bands intensities. In our experiment we 
have checked if BS will replace pyrene in the CD cavity and thus its microenvironment change. It will 
be seen as a change in bands ratio I/III. After performing all the experiments we could confirm our 
hypothesis. We indeed observed that pyrene shows different intensities when it is in a polar solution 
or inside nonpolar CD cavity.  After the addition of GC into pyrene and CD solution, GC displaced 
pyrene in CD cavity and was exposed to polar environment, thus bands intensities changed. 
Furthermore, we also observed that additionally to cyclodextrin, pyrene also binds to bile salt. 
Therefore we decided to calculate if it affects CD-BS binding constant. Our calculated binding constant 
is Kb=1919M
-1 and the published one referred in the result section is 2630M-1. These values are 
aligned with the one obtained from NMR where Keq is 3000M
-1. Additionally, Gibbs free energy (ΔGo) 
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was calculated and compared with a published one. Our ΔGo is -1.45kJ/mol and the reported one is -
1.64kJ/mol. The difference is not significant and values are comparable.  
We intended to figure out if stop-flow technique could be used for the determination of kinetics 
parameters of BS-CD complexes. From the results obtained in the fluorescence experiment, it is 
possible to observe that pyrene binds with CD and can be used as a fluorescence probe. BS will 
displace pyrene from the CD cavity and the fluorescence bands intensity will be measured. That in 
principle will indicate the stop-flow technique can be used. However the main concern regarding this 
technique is the detection limit. The detection limit for standard stop-flow equipment is in the range 
of 0.5-1ms. In this experiment by using NMR technique we have shown that some k1 rates are really 
high, thus it is possible that stop-flow cannot detect the rate of such a fast reactions. However it 
should also be possible to slow down this k1 value by modifying the molecular structure of CD and BS 
in order to make it detectable by the stop-flow technique. Further work should be done in this 
direction in order to study the real potential of the stop-flow technique. 
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Appendix 1 
Standard layout for introducing data in Lineshapekin. Data is divided in two text documents: Mysetup and 
Mymodel. 
More information in: LineShapeKin Simulation, Web Interface 
http://134.48.45.135/multiusertest/login/?next=/multiusertest/portal/ 
 
#  Unique model identifier 
Model_code     U 
 
# Model description  
Description  Simple 1:1  
 
# Association constants 
Ka_names   A   
Ka         4000      
 
# Rate constants of REVERSE reactions 
k_names     A   
k2          100  
 
# Names of NMR-active species 
Species_names      RL L       
 
# Names of NMR unobservable species 
NMR_invisible_species_names     R   
 
# Chemical shifts of pure species, 1/s 
w0        390       349     
 
# Relaxation rates of pure species, 1/s 
R2      10      0        
 
# Heat of formation of the species, relative units 
# The original species is a standard state with dH=0 ! 
dH     0   -1 
# LineShapeKin Simulation  
# General simulation settings 
# ======= Folder to put simulation results into ========== 
Results_Path  Example_simulation 
  
#  ========  Total Ligand to total Receptor molar ratio at each titration 
point  ========  
# NOTE: first point L/R=0 has to be non-zero very small number to prevent 
/0  
LRratio    1e-3 1 2 3 3.88 4  
 
# ========  Number of points on smooth population curves and on ITC 
profile  ========  
# NOTE: >100 points will make complex models slow! 
LRpoints  150  
 
# ========  constant M_ligand/Receptor ratio  ========  
# (in models that use it, otherwise - ignored) 
 
MRratio   0 
# ======== Concentration of receptor, M ========  
# You may have Rtotal vary corresponding to your experimental conditions 
and all calculations 
# at specific titration points given by LRratio will be correct. However, 
# the smooth curves will only be computed for fixed Rtotal. 
 
Rtotal   1e-3  1e-3  1e-3  1e-3  1e-3 1e-3 
 
# ========== Plotting options ============== 
 
 
51 
 
#-- number of points in each individual spectral trace                                 
Spectral_Points   300   
 
#-- limits of a spectral window /s 
w_min    340   
w_max    400  
  
#--- YES  to display the titration series stacked rather than overlayed 
Stacked_Plot  NO  
 
#-- if  Stacked_Plot=YES, this is the percentage of the peak height for shifting 
the next trace up                                %     
Percent_Shift  15 
 
 
 
